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exercise has been divided into four interrelated and time-dependent phases. 4, 5 These phases are necrosis/degeneration, inflammation, repair, and scartissue formation (fibrosis). Necrosis/degeneration of the myofiber is characterized by disruption of the plasma membrane and basal lamina, resulting in an ingress of extracellular calcium 6 and subsequent autogenic degradation of the damaged muscle fiber unit. Within the first day of injury, the area is invaded by inflammatory cells such as mononuclear cells, activated macrophages, and Tlymphocytes. [7] [8] [9] The subsequent secretion of growth factors and cytokines further promotes increased blood flow to the area and enhances the inflammatory response. Muscle regeneration begins once the phagocytic inflammatory cells have cleared away necrotic tissue, and it has been shown that inflammatory cell blockage impairs muscle regeneration. 10, 11 For example, nonsteroidal antiinflammatory drug administration reduces important macrophage-secreted factors that may play a role in myoblast proliferation and differentiation. 12, 13 Therefore, the initial benefit of the inhibition of myofiber degeneration may be at the expense of functional muscle regeneration at later time points. The reader is referred to Prisk and Huard 14 for a review of the role of the inflammatory process in skeletal muscle repair.
Active muscle regeneration typically occurs within 7-10 days from the time of injury, peaks at 2 wks, and gradually declines until 3-4 wks. 4, 15 Simultaneously, scar-tissue formation peaks around the second week postinjury, although collagen I and III deposition has been observed as early as 3 days after injury. 15 During the repair process, muscle regeneration and scar-tissue formation seem to be in competition, as each vie for muscle area. 17 Significant efforts have been dedicated to the development of biological therapies aimed at minimizing skeletal muscle scar-tissue formation with the intention of indirectly enhancing regeneration. 18 -21 The regenerative processes occurring in skeletal muscle will be the main subject of the remainder of this review.
The Satellite Cell
Given the postmitotic nature of human myofiber nuclei, 22 another progenitor cell population is necessary for regeneration to occur. The main cells in the regeneration of damaged skeletal muscle fibers are satellite cells, although it has been shown that the first week of recovery after injury or unloading does not require satellite cell activation. 23, 24 In fact, satellite cell activation seems to account for only half of the force restoration after eccentric contraction-induced injury. 23 Our laboratory has isolated a population of neonatal muscle-derived stem cells, which contain the ability to proliferate in vivo for an extended period of time, demonstrate strong capacity for self-renewal, undergo multipotent differentiation, and display immune-privileged behavior. 25 Furthermore, these cells display improved regeneration capacity in skeletal muscle when compared with satellite cells. 25 The reader is referred to Peault et al. 26 for a review of stem and progenitor cells in skeletal muscle development.
Satellite cells are unspecialized, mononucleated cells that, in an uninjured state, are interposed in a quiescent state between the muscle fiber itself and the basal lamina, which surrounds the muscle fiber. 27 In human skeletal muscle, satellite cell content varies between muscles with different functional properties and between individuals with different physical activity levels and ages. 28, 29 In the human vastus lateralis muscle, the number of satellite cells per fiber cross-section does not differ between type I and type II muscles fibers. 30 In response to injury or overloading (as in exercise), satellite cells are activated, at which point they are considered to be myoblasts. Within the scaffold of the original damaged myofiber's basal lamina, myoblasts assemble together and fuse to form a new myofiber ( Fig. 1 ) (reviewed in Ref. 31). Each myoblast contributes a small amount of cytoplasm and a new nucleus to the myofiber syncytium. It seems that satellite cell proliferation is necessary to contribute myonuclei for myofiber hypertrophy to occur after muscle overloading. 32-34 Importantly, satellite cells not only demonstrate an ability to fuse together, or with existing myofibers, but they are also self-renewing. 28, 37 This is essential to re-instate a residual pool of satellite cells, such that these cells are available for future rounds of regeneration or hypertophy. In cases where the satellite pool is not adequately replenished, such as in Duchenne Muscular Dystrophy 38,39 or in aging, 40,41 regeneration is impaired.
It has been suggested that there are two subsets of satellite cells, the first of which is capable of rapid differentiation (just 4 -8 hrs from the time of injury), as evidenced by early myogenic marker expression, and another subset that demonstrates stem cell-like properties and undergoes prolonged self-renewal before terminal differentiation. 42 Muscle stem cells are defined as cells that possess the ability to produce both new muscle stem cells as well as myoblast and myofiber progeny, without themselves expressing markers of muscle differentiation. Muscle-derived stem cells have the ability to differentiate into endothelial and neural lineages that alter neural and vascular supply to the targeted skeletal muscle that may enhance regeneration (reviewed in Reference 43). The differentiation of these cells into the various tissues seems to be dependent on environmental signaling.
A variety of alterations in the surrounding environment of the satellite cell, including mechanical and growth factors, as well as hormonal signaling might regulate the activation and proliferation of satellite cells. 28 Satellite cell replication is initiated in response to secretion of inflammatory cytokines and growth factors (including insulin growth factor [IGF]-1, hepatocyte growth factor, basic fibroblast growth factor, nerve growth factor, leukemia inhibitory factor, and platelet-derived growth factors). Hepatocyte growth factor promotes satellite cell activation but delays cellular differentiation, possibly through the inhibition of myogenic regulatory factors, such as MyoD. 44 IGF-1, on the other hand, is one of the few myogenic regulators that seem to stimulate both satellite cell proliferation and differentiation (reviewed in Ref. 45). IGF-1 also has an antiapoptotic effect, attributed to the suppression of caspases and the activation of Akt, an important cellular survival factor. 46 Not surprisingly, it has been demonstrated, using in vivo animal models, that IGF-1 gene overexpression or infusion results in the maintenance of muscle girth after denervation 47 and in an improved regeneration after injury. 48,49
The Effect of Exercise/Muscle Loading on Satellite Cell Activation/Stem Cell Mobilization in Healthy Skeletal Muscle-Why Is It Important for Skeletal Muscle Regeneration?
Exercise in humans can induce the activation and proliferation of satellite cells. 50 Exercise-induced release of inflammatory substances or growth factors or both is an important trigger of satellite cell activation (reviewed in Ref. 28). It has been recently shown that the number of satellite cells is enhanced on day 8 after a 36-km run in a group of endurance runners. 51 When a group of runners received 100-mg indomethacin (a nonspecific cyclooxygenase inhibitor), however, there were no changes in satellite cell number. 51 Therefore, the ingestion of nonsteroidal anti-inflammatory drugs attenuates the exercise-induced increase in satellite cell number and may affect hypertophic or regenerative capacity or both. 
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Exercise and Skeletal Muscle Several studies have demonstrated increases in satellite cell numbers after the execution of various training regimes. The effect of resistance training on satellite cell activation and proliferation in human skeletal muscle has been most widely investigated (reviewed in Reference 28). One study by Kadi and Thornell 50 demonstrated that 10 wks of strength training resulted in a 46% increase in the number of satellite cells of healthy individuals, when compared with pretraining baseline measures. This increase in the number of satellite cells was concurrent with a 70% increase in the myonuclear number, indicating that, in response to resistance exercise, satellite cells were not only recruited for myofiber hypertrophy but also produced daughter cells to replenish the reservoir of satellite cells. These findings were supported by later studies. 52-54 Interestingly, the rise in satellite cell count seems to be maintained for a period of up to 60 days after resistance training, with values returning to pretraining values at 90 days. 29 Although most of the studies regarding training effect and satellite cell quantification have been performed using resistance exercise protocols, endurance training has also been shown to significantly increase the satellite cell number in the skeletal muscle of healthy individuals. After 14 wks of 45-min bouts of bicycle ergometry performed 4 times/wk, there was an observed 29% increase in the satellite cell number of the vastus lateralis muscle, 53 supporting the evidence that aerobic exercise is capable of activating and recruiting quiescent satellite cells. 55 This shows that nondamaging aerobic exercises can induce satellite cell proliferation, and the occurrence of muscle damage is not required for the exercise-induced satellite cell activation. However, for both resistance and endurance training effects, it remains to be determined whether this increase in satellite cell count translates directly to an increased skeletal muscle regenerative capacity after injury.
Muscle loading through chronic low-frequency electrical stimulation has also shown a relative increased the number of satellite cells present in the skeletal muscle of rats, 56 even in the absence of myofibrillar damage. 56 Chronic low-frequency electrical stimulation has been shown to stimulate fast-to-slow fiber-type transformation 57 and hypoxia and skeletal muscle angiogenesis, possibly through the up-regulation of hepatocyte growth factor and vascular endothelial growth factor (VEGF). [58] [59] [60] [61] The enhanced vascularity of the stimulated muscle may play a role in the activation of satellite cells.
Potential Mechanism Behind Satellite/Stem Cell Activation After Exercise
Some ultrastructural muscle damage can be evidenced in human models using excessively high mechanical load. However, most resistance-exercise protocols do not induce extensive muscle damage, and the occurrence of extensive fiber necrosis has rarely been reported in response to exercise. Therefore, the magnitude of changes in satellite cells seen in exercised human skeletal muscle cannot be solely attributed to muscle fiber damage. The release of inflammatory substances, cytokines, and growth factors from active skeletal muscle, and also from the surrounding connective tissue during exercise, probably represent important triggers of satellite cell activation, as previously mentioned.
It is clear that skeletal muscle undergoes a certain level of tissue hypoxia as a result of exercise training. Morici et al. 62 speculated that hypoxia, or other factors secreted by skeletal muscle working at a very high workload, may induce systemic stem cell mobilization, which are then recruited to participate in muscle regeneration. In vitro, it has been shown that physiologic hypoxia stimulates myoblast proliferation (reviewed in Ref. 63 ). Among other things, hypoxia is a very potent stimulator of angiogenic growth factor secretion, and VEGF is a marker of hypoxic activation (reviewed in Ref. 64) .
The increased secretion of VEGF in response to exercise has been well documented. 62, 65 VEGF stimulates satellite cell proliferation 66 and migration, 67 and promotes the formation of centrally nucleated fibers (an indicator of myofiber regeneration). 68 It seems that exercising skeletal muscles may be exposed to increased nutrient and mitogen diffusion that accompanies increased blood flow to the area, thereby increasing satellite cell activation. 69 In a study by Christov et al., 66 satellite cell numbers in human skeletal muscle were shown to correlate linearly with capillarization. Specifically, in different normal muscle types expressing varying levels of vascularity, satellite cell niches were found to be juxtavascular and were nonrandomly associated with capillary localization. Accordingly, myopathy resulting in decreased vascularity was associated with a proportionate decrease satellite count, whereas muscle biopsies obtained from heavy-trained athletes demonstrated a concomitant increase in both number of capillaries and satellite cells per myofiber. However, these results were based on the analysis of only a handful of biopsies. Further investigations to determine the relationship between skeletal muscle capillarity and the presence of satellite cells are warranted.
Another component involved in the exerciseinduced increase in satellite cell count and activation is IGF-1. Exercise results in increased IGF-1 levels, both locally and systemically. The IGF-1 splice variant secreted locally, mechanogrowth factor (MGF), seems to participate in promoting transcriptional factors important for myoblast prolifera-tion and satellite cell activation 32 while inhibiting terminal myotube differentiation. 70 MGF is distinguished from IGF-IEa, another IGF isoform that is secreted systemically by the liver in response to exercise. In contrast to MGF, IGF-IEa increases the mitotic index and enhances terminal differentiation of myotubes. 70 Not surprisingly, a difference in the actions of each of these isoforms is concomitant with variability in the timing of secretion. Hill and Goldspink found that after injury and exercise, MGF is rapidly expressed (days 1-4) and that gene splicing seems to switch to expression of the IGF-IEa variant at greater than 7 days. 71 On the other hand, myostatin, a transforming growth factor-␤1 superfamily member, and negative regulator of skeletal muscle growth, directly inhibits the regenerative capacity of satellite and muscle stem cells. 72, 73 Moreover, it has been shown that myostatin stimulates, in vitro, fibroblast proliferation and the differentiation toward myofibroblasts. 74 Therefore, myostatin seems to simultaneously inhibit myogenic regeration while stimulating fibrosis formation during the healing process. Importantly, myostatin gene expression has been shown to decrease after resistance and eccentric exercise. [75] [76] [77] This down-regulation may play a role in exercise-induced muscle hypertrophy.
How Soon After Exercising Are Changes in Satellite Cell Count Evident?
It has been shown that there is a considerable increase in labeled satellite cells in the skeletal muscle of adult rats just 24 hrs after a bout of treadmill running. 78, 79 Similar results have been seen in humans after a single bout of high-intensity exercise. 80, 81 Crameri et al. 81 investigated the number of satellite cells present after a single bout of one-legged high-intensity exercise, as compared with the contralateral, unexercised side. Vastus lateralis biopsies from bilateral lower limbs were obtained on days 2, 4, and 8 postexercise. A significant increase in the average number of satellite cells was observed 4 and 8 days after cessation of the exercised limb, although the increased number of satellite cells was evident on day 2. Interestingly, seven of eight of the subjects tested demonstrated no evidence of myofiber damage, suggesting that an exercise-induced growth factor secretion is the main player for satellite cell proliferation. This also suggests that myofiber damage is not required for satellite cell activation or proliferation. However, on the basis of the lack of significant difference in the markers of terminal differentiation of activated satellite cells in the exercised vs. control legs, authors suggested that multiple bouts of exercise or myofiber damage may be necessary for the differentiation of activated satellite cells.
Aging
A progressive decline in muscle strength may be the greatest contributing factor leading to an impaired physical function with age. Age-associated muscle atrophy has been shown to begin as early as the mid-twenties, after which time the rate of muscle decline accelerates. 82 Sarcopenia, and age-related reduction in number and size of muscle fibers, seems to be responsible for the decrease in muscle mass. 83 Weakness ensues, resulting in an impaired mobility, 84 an increased risk for falls, 85 and a decreased physical functioning. 86 In addition, increasing age typically results in a decreased overall regenerative capacity, which contributes to decreased muscle mass, 87 increased susceptibility to muscle damage, 88, 89 an impairment of skeletal muscle regeneration in response to injury, 87, 90, 91 and a prolonged recovery. 92, 93 It has been said that "all ageing phenomenatissue deterioration, cancer, and propensity to infections-can be interpreted as signs of ageing at the level of somatic stem cells." 94 Along these lines, aged skeletal muscle has been characterized by a significant decrease in the number of satellite cells per muscle fiber. 40, 41 In humans, a significant decline in satellite cell count is observed after 70 yrs of age, 40 and it has been recently shown that satellite cells obtained from aged skeletal muscle have an increased susceptibility for programmed cell death when exposed to a pro-apoptotic milieu. 95 Along these lines, it has been shown that although satellite cells largely retain their myogenic capacity, 95, 96 some studies have shown that satellite cells from aged animals demonstrate a decreased proliferative capacity. [97] [98] [99] However, the activity levels of the subjects from these studies were poorly defined. On the other hand, in a recent study by Ponsot et al. 35 investigating the skeletal muscle regenerative potential of young (25 Ϯ 4 yrs) and old (75 Ϯ 4 yrs) individuals with comparable physical activity levels, the replicative potential of myonuclei (as determined by telomere length) seems to be qualitatively maintained with increasing age. Therefore, the cellular niche characterizing aged skeletal muscle may play a greater role in defining the regenerative potential of aged skeletal muscle.
Carlson and Faulkner 87 found that, when extensor digitorum muscles harvested from young animals were transplanted into old hosts, the young muscles demonstrated a regenerative capacity comparable with old muscles. Conversely, when old extensor digitorum muscles were transplanted into young hosts, the old transplanted muscles did not show any significant difference in regenerative capacity, when compared with young muscles. 87 Along these lines, Conboy et al. 100 performed a study in which aged muscles were exposed to cir-culating factors typical of young animals. It was found that old muscles exposed to a young environment resulted in a significantly increased regenerative capacity of the cells. These studies suggest that the dysfunction of muscle regeneration seen in senescent skeletal muscle is not a dysfunction of the muscle fibers or muscle fiber receptors. Instead, authors hypothesized that systemic factors supporting regeneration in young animals control critical molecular pathways that control the regenerative capacity of satellite cells. 100 One of the main players in characterizing the environmental milieu is, of course, the vascular system. Aging has been associated with a decline in skeletal muscle capillarity, 36,101,102 although some reports have shown that capillarization is maintained, or even increased, with aging. 103, 104 However, Davidson et al. 104 examined the number of capillaries/fiber, and, therefore, the relative increase they observed may be attributed to a loss in myofiber number. Other variations in methodology to quantify capillarization, age ranges defining young vs. elderly, and the types of species studied may also contribute to the reported discrepancies related to the effect of age on skeletal muscle vascularity. Importantly, aging has also been associated with declines in VEGF mRNA levels, 102 which may further help explain decreases in resident satellite cell counts.
Both endurance and resistance exercise have been shown to counteract the age-related declines in satellite cell counts in elderly individuals (for review, see Ref. 28), supporting the continued plasticity of skeletal muscle with aging. However, it has been shown that the extent to which the number of satellite cells per fibers is increased 24 hrs after a single bout of resistance exercise is significantly dampened in older men, compared with young male counterparts. 80 Along these lines, a markedly lower expression of MGF in response to loading, and therefore decreased satellite cell activation, has been demonstrated in both older rodent 105 and human 106 skeletal muscles. In contrast, others have demonstrated comparable satellite cell increases with chronic training in the elderly 54 as compared with young individuals. 29 It remains to be determined whether exerciseor electrical stimulation-induced increases in satellite cell counts are associated with an increased regenerative capacity in elderly skeletal muscle and could, therefore, present an effective modality to counteract the effects of sarcopenia. However, it is becoming increasingly apparent that elderly individuals who participate in regular physical activity will be better positioned for a better, more complete skeletal muscle repair after muscle injury in addition to the widely publicized cardiovascular and endocrine benefits of exercise.
Duchenne Muscular Dystrophy
In certain neuromuscular diseases, such as muscular dystrophies, muscle fibers are strikingly more susceptible to damage as compared with normal counterparts. Since declines in muscle strength and endurance are often among the most debilitating symptoms, the decision regarding if and how much to exercise an individual with myopathy becomes difficult. Individuals with Duchenne Muscular Dystrophy experience an increased rate of degeneration of skeletal muscle fibers as a result of the lack of dystrophin, leading to repeated cycles of degeneration-regeneration, and ultimately an impaired skeletal muscle regenerative capacity as a result of decreased satellite cell selfrenewal. The decreased satellite cell self-renewal may be explained by the fact that fibroblasts found in dystrophic muscle have been shown to secrete increased levels of IGF-1-binding proteins, thereby diminishing the IGF-1 supply available for satellite cell activation. 107 Consequently, dystrophic muscle fibers become inflamed, necrotic, and fibrotic, ultimately resulting in muscle wasting, muscle weakness, and muscle fatigue. 108, 109 Although the past couple of decades have led to an increased understanding of the pathogenesis of muscular dystrophy, effective therapeutic interventions aimed at improving skeletal muscle quality and function in these individuals remain limited. Surprisingly, few efforts have been dedicated to investigate the effect of exercise on skeletal muscle function in individuals with Duchenne Muscular Dystrophy. There has been a debate for several years regarding the benefits and detriments of strengthening exercises for individuals with Duchenne Muscular Dystrophy. On one end of the spectrum, low-intensity strengthening exercises may counteract the progressively deteriorating muscle weakness that accompanies the absence of the structural protein dystrophin. It seems, however, that exercising dystrophic muscle, especially in the advanced form of the disease, may lead to an accelerated weakness (reviewed in Ref. 110) , possibly a product of the impaired regenerative capacity resulting from the decreased satellite cell count. The restoration of dystrophin and satellite cell count seems to be a prerequisite for effective improvement in skeletal muscle function through the use of rehabilitation approaches. With this in mind, cellular therapies, such as muscle-derived stem cell transplantation, hold great promise to restore the reservoir of regenerative cells, making muscle more responsive to exercise-or stimulation-induced benefits.
Muscle Unloading/Denervation
Aging, frailty, and chronic illness may all result in decreased physical activity, which is associ-ated with muscle wasting, decreased ability to perform activities of daily living, and, ultimately, a decreased quality of life. Clearly, muscle unloading retards skeletal muscle growth and has been shown to result in not only skeletal muscle atrophy but also a concomitant decrease in the number of satellite cell counts. [111] [112] [113] [114] Hindlimb unloading experiments conducted in murine models have shown a rapid and significant decline in satellite cell proliferative capacity and activation, 112,115 evident just 24 hrs after unloading. 113 Two weeks of hindlimb suspension has been shown to result in a decreased differentiation capacity of myogenic precursor cells, and this is concomitant with decreased mRNA expression of myogenic markers. 24 Return to normal loading in healthy muscle consequently results in a complete regeneration of skeletal muscle fibers and a recovery of muscle mass 114, 116 as well as a reversal of the deleterious effects of unloading on satellite cell regenerative capacity. 24 In elderly animals, on the other hand, it has been reported that hindlimb immobilization may result in a decrease in the proliferative potential of satellite cells, which is not restored even up to 11 wks of recovery. 117 However, the application of IGF-1 after remobilization increased satellite cell proliferative capacity and was associated with increased muscle mass. 117 This has considerable clinical implications, as the effects of prolonged bed rest may prove to be irreversible in an aged population. A nonweight-bearing status is often prescribed to individuals after joint replacement or fractures, for example, even though a failure to return to previous mobility status after such a period of unweighting is not uncommon.
In contrast to hindlimb unloading, after peripheral nerve transection, there is an initial phase of rapid satellite cell proliferation that is followed by a drastic decrease in satellite cell counts at later time points. 111, 118, 119 This subsequent decline in satellite cell numbers may be explained by an increased susceptibility to apoptotic cell death after chronic denervation. 120 Furthermore, it has been shown that myogenesis in denervated rat skeletal muscle is characterized by poorly developed myofiber contractile systems with small fiber diameters. 121 It has been suggested that, rather than a complete necrosis of muscle fibers after denervation, it is more likely that fibers go through cycles of necrosis and regeneration. 122 However, because of the absence of neural stimulation, regenerated myofibers never mature into functioning contractile elements. It seems that muscle atrophy after unloading or denervation may be mitigated by the application of electric stimulation. Electron microscopy studies of rat skeletal muscle that was chronically, electrically stimulated after denervation demonstrated more regular sarcomeres and large increases in force production, when compared with nonstimulated denervated counterparts. 122 However, in humans, it is very difficult to get an effective muscle contraction after denervation using electrical stimulation. In these cases, the muscle needs to be stimulated directly rather than stimulating the motor nerve. This requires much more current to get an action potential, and it is usually not tolerated by the patient.
Areas for Future Research
As our knowledge of the mechanisms underlying satellite cell activation and proliferation in response to injury, aging, and neuromuscular pathology is not yet complete, there are several areas for future research. The relationship between skeletal muscle vascularity and satellite cell activation or proliferation or both is an important area of investigation. Several neurologic conditions within both the central and peripheral nervous system may indirectly and directly affect the skeletal muscle and thereby the satellite cells. This could be one important factor leading to an impaired neuromuscular function, with muscle hypotrophy and muscle weakness, for example, after stroke, inflammatory nervous system disorders, spinal cord injuries, and diseases in the motor unit. The processes that influence the satellite cells in these conditions are largely unknown. An increased understanding of these underlying mechanisms may help guide the development of clinical applications to enhance skeletal muscle regeneration by using targeted modalities, such as electrical stimulation and exercise, in addition to pharmacologic interventions and dietary recommendations. 
